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Blends containing poly(3-hydroxybutyrate) and poly (3-hydroxybutyrate-co-3-hydroxy valerate) with 
18.4% hydroxy valerate units in various proportions have been studied using differential scanning 
calorimetry (d.s.c.) and optical and electron microscopy. D^.c. measurements of melting points and peak 
areas from crystallized samples show that two-phase crystallization occurs for blend compositions containing 
60-70% or more of copolymer, depending on crystallization temperature. The precise composition of 
the crystal phases obtained is thought to be governed primarily by kinetic factors. Phase separation in the 
melt was also investigated using d.s.c. by comparing the crystallization behaviour of nucleated and 
non-nucleated melts subjected to various thermal treatments. A region of liquid-liquid phase separation 
was identified, indicating partial miscibility between the two blend components. Morphological evidence 
confirmed the existence of different crystalline phases for the blends of highest copolymer content. 
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INTRODUCTION 

Poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxy- 
butyrate-co-3-hydroxy valerate) (PHB/HV) are thermo- 
plastic polyesters produced by bacterial fermentation 1 . 
The PHB homopolymer displays rather poor mechanical 
properties, which are improved by copolymerization : 
PHB/HV copolymers are now commercially available 
from ICI under the tradename 'Biopol* 2 . These 
materials are attractive candidates for many applications 
owing to their biodegradable and biocompatible 
properties; however, they are difficult to process 
and have low durability. Blending provides a potential 
method for improving these undesirable characteristics. 

Previous studies in this area have concentrated mainly 
on assessing the miscibility of PHB or PHB/HV with 
other polymers. It has been reported that PHB is miscible 
in the melt with poly (ethylene oxide) 3 , poly (vinyl 
acetate) 4 and polyvinyl fluoride) 5 . In addition, 
PHB/HV has been shown to be melt miscible with 
poly (vinyl chloride) 6 , an acrylonitrile-butadiene-styrene 
copolymer 6 , polystyrene 7 and polycaprolactone 7 . PHB/ 
HV and acrylonitrile-styrene copolymer were partially 
miscible 7 . Incompatible pairs investigated are PHB with 
ethylene propylene rubber 4 and PHB/HV with poly(D- 
lactide) and poly(tetramethylene glycol) 6 . Measurements 
of the tensile properties and impact behaviour of 
PHB/rubber blends showed only moderate improvement 
over the PHB values 8 . 

All the above studies concentrate on the interaction of 
PHB or PHB/HV with other dissimilar polymers. On 
crystallization, the PHB or PHB/HV component tends 
to separate out from the surrounding matrix, which may 
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be either crystalline or amorphous. A rather different 
situation arises if PHB is itself blended with PHB/HV, 
since in this case co-crystallization is possible betwe n 
the two components 9,10 . Such systems could be of 
considerable practical importance since it is often 
convenient to mix PHB/HV copolymers of differing HV 
contents to achieve a particular overall HV level. 
Blending of PHB with its own copolymers retains the 
advantages of biodegradability and biocompatibility 
while offering potential improvement in mechanical 
properties and/or crystallization kinetics by careful 
selection of blend composition and crystallization 
conditions. Previous studies by Marchessault et aL on a 
blend of PHB with a copolymer containing 8% HV found 
the two to be compatible under the crystallization 
conditions employed 11 , but the phase behaviour of more 
dissimilar pairs was not investigated. In this paper we 
report results obtained from blends containing a PHB 
homopolymer and a copolymer with 18.4% HV, mixed 
in various proportions. Phase separation was found to 
occur in blend combinations containing a high level of 
copolymer. 

Previous investigations of phase separation in 
polymer blends have utilized a variety of experimental 
techniques, including measurements of glass transition 
or melting temperatures, light scattering, rheological 
and morphological studies. However, many of the 
experimental methods developed for other systems are 
not easily transferable to blends of PHB with PHB/HV. 
In some cases this is because of the similarity in physical 
properties of the two components : for instance, the glass 
transition temperature (T g ) of PHB/ 18.4% HV is only 
about 10°C lower than that of PHB 12 , so that T g 
differences between two closely related components of a 
phase-separated blend cannot easily be resolved* Other 
methods, such as rheological measurements in the molten 
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suae, are precluded by the low melt stability of PHB and 
PHB/HV 13 ' 34 . In addition, for this system, both 
components of the blend can crystallize, over similar 
ranges of temperature and time, to produce comparable 
spherulitic morphologies : thus morphological differences 
between different blend components can be difficult to 
identify. In this study we have utilized mainly differential 
scanning calorimetry (d.s.c.) to identify mixing or phase 
separation, making use of the differences in melting 
temperature and heat capacity of the various blend 
components. Electron and optical microscopy provide 
some morphological verification for the phase diagram 
thus obtained. 

EXPERIMENTAL 

A range of samples containing PHB (batch. G08) and 
from Oto 100% of PHB/18.4% HV (batch P029)in 10% 
intervals were provided by ICI in the form of extruded 
pellets. The molecular weights were measured by 
gel permeation chromatography as ^== 417 000, 
M w /M n = Z8 for the PHB and M w = 582000, MJM n = 
3.23 for the PHB/18.4% HV. Analysis of similar 
copolymers produced by the same fermentation procedure 
has shown the distribution of HV units along the chain 
to be essentially random (e.g. refs 15 and 16). 
Throughout the text the blends will be referred to by the 
amount of copolymer in them, i.e. a 10% blend contains 
90% PHB and 10% PHB/HV, etc. 

Differential scanning calorimetry 

All d.s.c. measurements were obtained using a 
Perkin- Elmer DSC7 differential scanning calorimeter. 
Sample masses were typically 3-5 mg. Two different 
experiments were performed, in order to investigate 
different areas of the phase diagram. These were as 
follows. 

Isothermal crystallizations. Small samples of each 
blend, sealed in aluminium pans, were melted at 200°C 
for 1-2 min and then quenched into liquid nitrogen. 
After quenching, they were immediately placed into the 
DSC7, preset to a crystallization temperature T c , and 
held for a set time r c . Samples were then heated in the 
DSC7, and the positions and areas of all melting 
endotherms were measured. Quenching the samples into 
liquid nitrogen ensures that they are in a glassy state: 
on subsequent heating from the glass, rapid nucleation 
occurs, so that crystallization times can be kept to a 
minimum. Preliminary experiments were performed to 
determine the time required to ensure complete 
crystallization, to check for any effects caused by 
prolonged crystallization times and to observe the effect 
of heating rate on the results obtained. From these 
results, suitable combinations of T c , t c and heating rate 
were chosen. For the higher crystallization temperatures, 
the quenching stage was omitted ; samples were cooled 
directly to T c from the melt and held for much longer 
times to ensure complete crystallization. Crystallization 
temperatures used were 40, 50, 60, 70 and 90°C. 
Crystallization times were typically 10 min for quenched 
samples and 24 h for unquenched samples. Blends 
containing 30, 40 and 50% of copolymer were also 
crystallized at 140°C for several days. A heating rate of 
20°C min*" 1 was generally found to be suitable. 
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Effect of nucleant on crystallization; The erystaltezati 
behaviour at high temperatures of blends containing 30 
and between 50 and 90% of copolymer was compare 
with and without the addition of 2% ammoniu 
chloride. The NH 4 CI, which acts as a nucleant 17 , w 
dispersed in a solution of the blend and the fnixtii 
subsequently dried. Samples were typically melted 
200°C, then cooled quickly to either 120 or 100°C ax 
allowed to crystallize. In some cases an additional stc 
was included whereby samples were held, after meltin 
at an annealing temperature T a (200°C > T a > 120°C 
for 5-10 min prior to crystallization. Nucleated sampl< 
were completely crystallized for l h at T c . Long* 
crystallization times were necessary for the sample 
without nucleant, which were therefore left for 24 h £ 
100°C or 72 h at 120°C After crystallization, the sample 
were melted in the DSC7 at 20°C min" 1 . 

Microscopy 

Crystalline samples were examined for evidence o 
phase separation using optical and transmission electroi 
microscopy (TEM ). For optical microscopy, thin film: 
of blend pressed between coverslips were crystallized ir. 
a Linkam hot stage and viewed between crossed polars 
in a Zeiss Ultraphot polarizing optical microscope; 
Spherulite growth rates were measured and samples 
examined for morphological irihomogeneity. For TEM 
studies, samples crystallized under various conditions 
were etched using methylamine; surface replicas were 
then made and examined using a Phillips 301 
transmission electron microscope. 

RESULTS 

Differential scanning calorimetry 

Isothermal crystallizations: PHB held isothermally 
after quenching into the glassy state was found to be fully 
crystallized within 2 min, PHB/HV copolymer (and 
thus, by implication, all blend combinations) within 10 
min. All subsequent experiments were therefore performed 
with f c - 10 min. Further annealing at T c had no 
discernible effect on the subsequent melting behaviour, 
and in this temperature range very similar results were 
obtained from unquenched samples crystallized for much 
longer times. 

When interpreting melting points obtained from 
polymer blends using d-s.c, it is very important to 
distinguish between multiple peaks arising from phase- 
separated structures and multiple peaks that often arise 
as a result of annealing during heating in d.s.c. These 
may be differentiated by their response to variations in 
heating rate. Figure 1 shows examples of d.s.c. melting 
endotherms obtained at various heating rates from 30% 
(Figure la) and 90% (Figure lb) blends after 
crystallization at 60°C. Results obtained using the highest 
heating rate of 40°C min" 1 should be treated with caution 
owing to the low thermal conductivity of polymer 
samples : nevertheless, double peaks can still be resolved 
sufficiently that the qualitative form of the results 
provides a useful comparison. In Figure 1 double peaks 
are observed in all cases except the 30% blend heated at 
5°C min" \ but the variation in the relative areas of the 
two peaks with heating rate is quite different for the two 
blends. The 30% blend shows behaviour typical of a 
homopolymer: as the heating rate is decreased, the 
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Figure 1 D.s.c. melting endotherms obtained at the heating rates 
shown from (a) 30% and (b)90% blends after crystallization at 60°C 

proportion of material contributing to the first peak also 
decreases. At the lowest rate only the higher-temperature 
peak is observed. This suggests that the original structure 
of the sample is represented by the lower-temperature 
peak, but that this structure transforms during heating 
to one with a higher melting point. Slower heating rates 
allow time for more material to transform. The 'true* 
melting point of the material crystallized at 60°C is 
therefore given by the lower-temperature peak. In 
contrast, for the 90% blend, two well resolved peaks are 
seen at all heating rates. The position of the higher peak 
shifts somewhat as the heating rate is changed, but the 
proportion of material in each peak remains more or less 
constant. This rather different behaviour implies that 
each of the peaks corresponds to a separate phase of the 
original structure, with some annealing process occurring 
within the material giving rise to the higher-temperature 
peak. We suggest that the 30% blend (Figure la) 
demonstrates the behaviour of a single mixed crystalline 
phase, with the melting behaviour of that mixed phase 
given by the lower-temperature peak, and that the 90% 
blend (Figure lb) shows behaviour characteristic of a 
two-phase system, where each of the melting peaks 
corresponds to a separate crystalline phase in the 
material. 

Having established the effect of heating rale on the 
results, we may consider the melting behaviour of the 
iso thermally crystallized samples. A heating rate of 20°C 
min" 1 was used for all subsequent measurements. Figure 
2 shows examples of the melting endotherms obtained 



from PHB, 50% blend, 80% blend and PHB/HV, all 
crystallized at 60°G. The measured melting points 
(calibrated using indium) of these and the other blend 
combinations are plotted in Figure 3. The lower- 
temperature peaks (T ml ) lie on a straight line up to 60% 
copolymer : in Figure 3 this line has been extended to 
include the value obtained from pure copolymer, and the 
curve obtained is taken to represent the melting point of 
mixed crystals. The position of the higher-temperature 
peaks ( T m2 ) remains fairly constant over the whole range. 
The value of T ml drops sharply on passing from a 60% 
to a 70% blend and subsequently remains fairly constant 
as the copolymer content is reduced further. This 
constant value is close to the higher-temperature peak 
obtained from pure copolymer (see Figure 2) and is 
consistent with the appearance of a phase-separated 
structure for blends containing >60% copolymer, where 
one phase corresponds approximately to pure copolymer. 
Figure 4 shows the corresponding peak areas (equivalent 
to heats of fusion, plotted in arbitrary units) for 
crystallization at 60°C : the full line shows the total area 
expected, calculated simply from relevant proportions of 
the peak areas obtained from pure PHB and pure 
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Figure 2 Melting endotherms obtained from samples with the 
copolymer content shown, all crystallized at 60°C 
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Figure 3 Melting points obtained from samples crystallized at 60°C. 
The broken curve shows the melting points believed to correspond to 
a mixed phase 
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Figure 4 Areas of melting peaks (in arbitrary units) obtained from 
d.s.c. on blends crystallized at 60°C 
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Figure 5 Melting points obtained from samples crystallized at A0 9 C 



copolymer; the broken line shows the contribution 
expected from the copolymer component alone. The total 
measured areas correlate well with the expected values. 
For blends with 50% or less copolymer, the area of the 
lower-temperature peak is much higher than that 
available from the copolymer component alone. Thus, 
this peak clearly does not arise from a copolymer-rich 
phase in a separated sample and merely represents the 
fraction of the mixed blend that has not been transformed 
during heating in d sx. For blends* containing 60% or 
more copolymer, the area of the first peak drops below 
that expected from the copolymer component. These 
results are thus consistent with the previous suggestion 
that phase separation occurs at around 60-7Q% 
copolymer content. Figures 5 and 6 show equivalent 
results from samples crystallized at 40°C. In this case 
only one melting temperature is obtained for 0-50% 
blends. The measured value is unlikely to represent the 
melting temperature of the original material since crystals 
grown at lower T c values are more prone to annealing 
during heating. A distinct change in behaviour occurs 
once the copolymer content exceeds 50%: for all 
subsequent blends a lower-temperature peak is also 



observed, winch gives a T m value very close to tl 
obtained from the pure copolymer. The area of t 
lower-temperature peak is consistently lower than 4r 
expected from the copolymer component of the biei 
as shown in Figure 6. Once again the results suggi 
phase separation, in this case commencing at the 60 
blend, with one phase corresponding approximately 
pure copolymer. Similar results obtained from samp] 
crystallized at 50, 70 and 90°C indicate phase separate 
for blends containing 5*60%, ^70% and S>70 
copolymer respectively. ^ 

The 30, 40 and 50% blends crystallized at 140°C f 
several days and then cooled to room temperature < 
gave sharp high-temperature melting peaks, accompanii 
by a lower pair of peaks that lay entirely below t) 
original crystallization temperature, as illustrated 
Figure 7 for the 50% blend. Such behaviour is consiste: 
with selective crystallization of a PHB-rich phase fro 
the melt at T c , leaving an HV-rich molten phase, whi< 
will subsequently crystallize on cooling. 

Effect of hucleant on crystallization. The phai 
behaviour of the blends at higher temperatures w? 
investigated by comparing the results of crystallizatio 
with and without the addition of ammonium chloric] 
nucleant. On cooling from the melt and crystallizinj 
there are four possible situations that might arise for 



40°c 



-theoretical total 
-Total PHB/HV 



+ Meaaurad total 
o Measured lat pa 



Peak area 




40 SO 60 , 70 
% Copolymer 

Figure 6 * Areas of melting peaks (in arbitrary units) obtained iron 
d.sx. on blends crystallized at 40°G 




60 



60 



100 



120 140 

Temperature. PC 



160 



180 



200 



Figure 7 Melting endotherms obtained from a 50% blend crystallized 
at 140°C for several days, then cooled to room temperature 
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Figure 8 D-s.c. melting peaks obtained from a 70% copolymer blend 
melted at 200°C, then (a) crystallized at 120°C, (b) crystallized at 
100°C, or (c) annealed at 1 80°C then crystallized at 120°C, with (broken 
curves) and without (full curves) the addition of 2% NH 4 CI 

two-phase system that can crystallize completely. These 
are: 

(i) Mixed melt giving rise to mixed crystalline phase*. 

(ii) Mixed melt followed by crystallization into two 
phases of differing composition (two-phase crystallization). 

(iii) Phase-separated melt followed by two-phase 
crystallization. 

(iv) Phase-separated melt producing mixed crystalline 
phase - unlikely' to occur in practice. 

In addition, there may be conditions where only part 
of the blend may crystallize, as illustrated previously in 
Figure 7. Examples of the various types of behaviour 
observed in this system are described below. 

Figures 8a and 8b show the results obtained from a 
70% blend melted at 200°C and then crystallized at 120°C 
{Figure 8a) and 100°C (Figure 8b),'mth and without the 
addition of NH 4 C1. Homogeneous crystallization at these 
temperatures is very slow and non-nucleated samples 
have plenty of time to phase separate during crystallization 
if it is thermodynamically desirable to do so. The 
subsequent melting behaviour is thus representative of 
the crystal blend composition favoured at T c . By 
providing heterogeneous nuclei, the crystallization rate 
is very greatly increased, and the possibility of changes 
of composition during crystallization is thus much 
reduced. The phase composition obtained from nucleated 
samples is therefore likely to reflect the previous melt 
composition more closely. In Figure 8a the results 
obtained are very similar for the nucleated and 



non-nucleated samples ; in both cases the mell 
behaviour suggests a mixed phase. This correspond* 
case (i) above (mixed melt-* mixed crystals). For 
100°C crystallization shown in Figure 8b the behavi 
is rather different. The nucleated sample once again gi 
rise to a predominantly mixed phase, confirming that 
two components are mixed in the melt at 200 
However, the non-nucleated sample produces a separa 
system - the mixed melt has separated dur 
crystallization to give a two-phase crystalline struct 
(case (ii) above). The d.s.c. traces shown in Figure 
also refer to the 70% blend crystallized at 120°C, but 
this case the melt has been subjected to an additioi 
annealing stage at 180°C prior to crystallization. 1 
crystals grown from the nucleated sample dispi 
multiple melting peaks, implying a tendency to phs 
separate in the melt at 180°C. In contrast, predominant 
mixed crystals are grown from the correspond^ 
non-nucleated sample. This behaviour appears 
correspond to case (iv) above, where mixed cryst 
grow from a phase-separated melt. However, sin 
crystallization of the non-nucleated sample is likely 
be very slow at 120°C, a more plausible explanation 
that the phase-separated melt remixes after cooling 
120°C, and thus produces mixed crystals (as expect 
from the result in Figure 8a). We may therefore conclu- 
that a region of liquid-liquid phase separation exists f 
the 70% blend at temperatures between 140 and 180°< 
Two crystal phases are obtained for crystallization 
100°C and below, while the two blend components w 
co-crystallize at !20°C. 

Figure 9 shows the results obtained from the 80% bier 
for crystallization at 100°C. One sample (Figure 9a) w, 
cooled directly from 200°C, while the other (Figure 9i 
was annealed at 180°C prior to crystallization. Tl 
behaviour seen in Figure 9a is very similar to that i 
Figure 8b> and once again indicates two-phase crysta 
lization from a mixed melt. When the addition; 
annealing step is included, we see a change in behavioi 
of the nucleated sample. In this case a phase-separate 
structure occurs in both samples, indicating that at 180°< 
the melt separates into two phases : Figure 9b illustrate 
case (iii) above where a separated melt gives rise to tw 
crystalline phases. Thus we may conclude that th 
boundary for liquid -liquid phase separation of the 80V 
blend occurs between 1 80 and 200°C. Similar experiment 
using different blends and thermal treatments wer 
consistent with the proposed boundaries. A furthe 
example of incomplete crystallization was obtained fror 
the 90% blend crystallized at 120°C. 

The information obtained from the different d.s.c 
experiments is combined in the diagram shown in Figur 
10. The dashed curve shows the approximate position o 
the boundary for liquid-liquid phase separation; th< 
dotted curve shows where the crystals obtained in practia 
change from being predominantly mixed to phase 
separated. 

Microscopy 

Polarizing optical microscopy revealed that all blenc 
combinations crystallized in the form of banded 
spherulites. Spherulite growth rates were measured at 7C 
and 90°C, and these are shown in Figure IL Where a 
phase-separated structure is thought to occur, we might 
expect to record different values of growth rate in the 
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Figured' D.S.C. melting peaks obtained from a 90% copolymer blend 
crystallized at 100°C» (a) after melting at 200°C t or (b) after melting 
at 200 b C then annealing at lBO^C for 10 min, with (broken curves) 
and without (full curves) the addilion of 2% NH 4 C1 



same sample, or to see morphological variations across 
the sample. Two distinct growth rates were observed in 
only one case - for the 90% blend crystallized at 90°C. 
The higher rate occurred during the early stages of 
crystallization and the lower rate in the later stages. 
Unusual spherulite morphologies were also seen under 
these crystallization conditions, arid some examples are 
shown in Figure 12. In some cases the spherulites grew 
unusually shaped outgrowths as shown in Figure 12a, 
while other crystallizations produced spherulites contain- 
ing areas with markedly different band spacings and 
regularity* as shown in Figure 72fe.Jnitial observations 
of the morphologies obtained using other conditions 
believed to produce phase separation have as yet not 
produced conclusive results. Any differences are likely to 
be harder to spot in the 70 and 80% blends owing to 
the smaller proportions of copolymer-rich phase likely 
to be present there. 

Electron microscopy of etched samples provides 
additional evidence for phase separation in both 80 and 
90% blends. Figure 13 shows a selection of micrographs 
exhibiting typical morphologies obtained from mixed and 
segregated samples ; all samples were crystallized at 60°C. 
Figure 13a comes from PHB and Figure 13b from 
PHB/18.4% HV. Both show regular lamellar structures, 



but the copolymer sample is punctuated by parallel ba; 
of holes, believed to arise from preferential etchiiig 
copolymer-rich material segregated during crystallizati 
Figure 13c shows part of a spherulite grown from a 5( 
blend, where a very regular morphology is obtain 
Figures 13d and 13e both come from an 80% blend ; 1 
sample in Figure 13a has been annealed by slow heati 
to 100°C after crystallization. Two phases are present 
Figure 13d 7 as evidenced by the differences in ba 
spacing. The 'holey 'morphology in the smaller spherul 
is assumed to correspond to the copolymer-rich pha 
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Figure 10 Summary of d.s.c. resuHs. The dashed curve shows the 
approximate position of the boundary for liquid-liquid phase 
separation. The dotted curve shows the boundary between single- and 
two-phase crystallization 
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Figure II Spherulite growth rates measured from selected blends at 
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Figure 12 Unusual morphologies observed in a 90% copolymer blend 
crystallized at 90*C f viewed between crossed polars 



by analogy with Figure 13b. The segregated structure is 
very greatly accentuated by annealing, as shown in 
Figure 13e, where part of the structure has been etched 
more deeply than the rest. Large-scale variations in 
morphology were also observed in the 90% blend. In 
general, coherent replicas were difficult to obtain from 
samples believed to contain two crystal phases as the 
carbon film tended to disintegrate after removal from the 
surface. This is probably due to variations in etching 
effectiveness between regions of differing HV content, and 
provides further, though rather indirect, evidence for 
phase separation. 

DISCUSSION 

Differential scanning calorimetry and optical and 
electron microscopy all suggest that blends comprising 
PHB and PHB/18.4% HV will be mixed over most of 
the range, but will separate into a two-phase system at 
higher copolymer concentrations. It is important to 
distinguish between the two different regions of behaviour 
included in Figure 10. At the higher temperatures both 
polymers are molten and the diagram demonstrates a 
region of liquid-liquid phase separation. The boundary 
obtained is ah approximation to equilibrium, within the 
limitations of the timescale of the experiments. The blends 
were originally mixed under conditions of high shear 
(during extrusion), but, since consistent results were 



obtained from nucleated samples obtained from solu 
this is not thought to have a strong influence or 
behaviour observed. The lower-temperature portic 
Figure 10 shows the types of crystal actually prod 
during crystallization under different condition: 
temperature and blend composition. The results obta 
are governed largely by kinetic factors, since crystallize 
prevents the establishment of true thermodyn; 
equilibrium. The diagram provides a practical guid 
what will be obtained wheiiv these blends are used 
general, the results are characteristic of a sy* 
containing two components that display partial miscit 
in the liquid state and partial solid solubility in the s 
state. A further region of total miscibility is expecte- 
exist for blends with very high (at least > 90% ) levei 
copolymer. The results are consistent with previ 
studies by Marchessault et al. on a blend of PHB a 
8% HV copolymer, where no evidence of pi 
separation was found 11 . Further experiments ui 
blends containing higher HV content are in preparati 
which should both test the generality of the liquid— liq 
phase separation behaviour identified here and ext< 
the diagram to include higher proportions of HV. 1 
unfortunate that the very low melt stability of th 
polymers prevents extension of the results to hig 
temperatures. 

The behaviour observed in these blends is qualita ti\ 
very similar to that which occurs in mixtures of brand 
with linear polyethylene 18,19 . The apparent generality 
the occurrence of liquid-liquid phase separation 
blends of homopolymers with their copolymers, wh 
the region of liquid-liquid phase separation 
asymmetrically placed towards the copolymer side of \ 
phase diagram, has led us to propose a simple model 
explain such behaviour 20 - 21 . In this model it is argt 
that there is an additional asymmetric free-energy te 
not considered by the usual representations of phz 
behaviour in polymer blends. 

The significance of the melting-point values obtain 
from the isothermal experiments (examples of which t 
shown in Figures. 3 and 5) merits some consideratk 
The values obtained from the mixed phase (shown 
the broken curve in Figure 3) might be expected 
correspond to those obtained from equivalent copolymc 
crystallized at the same temperature. Accurate comparisi 
between the two is difficult r- as well as a stroi 
dependence of T m on T c (ref. 22), PHB and PHB/H 
melting points are particularly sensitive to variations 
molecular weight 23 - 24 , and well characterized meltin 
point data for the copolymers are scarce. However, tl 
general form of the results is certainly that which wou 
be expected from the equivalent copolymers. The highe 
temperature melting peak obtained from these sampl< 
comes from annealed material. The position of this pea 
is very close to that obtained from pure PHB over tl 
range of compositions, suggesting that it is predominant) 
the PHB component that undergoes annealing. Th 
origin of the double melting peak obtained from pui 
copolymer (shown in Figure 2) is not understooc 
although complex melting behaviours are very commo 
in PHB/HV copolymers (see e.g. ref. 22). In th 
phase-separated samples the peaks obtained fror 
copolymer-rich material are always close to the highe 
of the pure copolymer peaks : there is no discrete peai 
at lower values, although the peaks are broad enough t« 
encompass the entire range of pure copolymer meltin; 




behaviour. It appears that the material giving rise to the 
lower-temperature peaks is more strongly affected by the 
presence of PHB in the mixture : at present we can offer 
no explanation for this. In an equilibrium situation it 
should be possible to relate the melting points of the 
phases in a separated system to the positions of the 
boundaries on the phase diagram. This is not possible 
in the present case - the measured melting points of the 
high-H V phase are consistently higher than suggested by 
Figure JO, giving a further indication of the non- 
equilibrium nature of the results. Figures 4 and 6 show) 
a good correlation between the total peak area obtained 



466 POLYMER, 1 993, Volume 34, Number 3 



Figure 13 Electron micrographs of etched blend samples, crystal! 
at 60*C: (a) PHB; (b) PHB/18.4% HV; (c) 50% copolymer b!e 
(d) 80% copolymer blend; (e) 80% copolymer blend, annealed 
slow heating to 10O*C after crystallization. Markers = 1 fim 

by calculation and from experiment, for both mixed a 
phase-separated blends. This agreement is perha 
surprising in the case of mixed blends since the he 
capacity of co-crystallized materials would be expect 
to be lower than the total available from the individt 
components 9 . This anomaly is unlikely to arise simp 
from experimental error, since the measured values a 
scattered on either side of the calculated curve. Sin< 
much of the area measurement comes from material th; 
has annealed during heating in d.s.c, we assume that tl 
extra perfection attained during the annealing proce: 
accounts for the high areas obtained. 
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The morphological evidence obtained is generally in 
agreement with the phase behaviour deduced from the - 
d.s.c. results. Where phase separation is clearly observed, 
the separation is on a large scale, as illustrated in Figures 
12 and 13. In regions where two crystal phases are 
expected to be present, but are not observed, this may 
simply be a consequence of the small proportion of one 
of the phases present, or may be due to separation on a 
finer scale that is not easily visible. Small-scale phase 
separation could account for the difficulty encountered 
in preparing replicas from many samples believed to be 
phase separated. 



CONCLUSIONS 

From our calorimetric and morphological studies on a 
system comprising blends of PHB with PHB/ 18.4% HV 
we have identified a region of liquid -liquid phase 
separation in blends containing 60% or more of 
copolymer. Two-phase crystallization occurs over a 
similar range of composition, with the precise character- 
istics of the phases determined largely by kinetic factors. 
The behaviour is characteristic of a system displaying 
partial miscibility and shows similarity with results 
obtained from blends of linear with branched polyethylene. 
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